Bone morphogenetic proteins (BMPs) -expressed in the developing retina -are known to be involved in the regulation of cell proliferation and apoptosis in several tumor entities. The objective of this study was to determine the role of the BMP4 pathway in retinoblastoma cells, which are absent in a functional retinoblastoma (RB1) gene. BMP receptors were detected in all retinoblastoma cell lines investigated. A correct transmission of BMP signaling via the Smad1/5/8 pathway could be demonstrated in WERI-Rb1 retinoblastoma cells and application of recombinant human BMP4 resulted in an increase in apoptosis, which to a large extend is caspase independent. Cell proliferation was not affected by BMP4 signaling, although the pRb-related proteins p107 and p130, contributing to the regulation of the same genes, are still expressed. WERI-Rb1 cells exhibit elevated endogenous levels of p21 CIP1 and p53, but we did n o t d e t e c t a n y i n c r e a s e i n p 5 3 , p 2 1 CIP1 or p27 KIP1 expression levels. Id proteins became, however, strongly up-regulated upon exogenous BMP4 treatment. Thus, RB1 loss in WERI-Rb1 cells is obviously not compensated for by pRb-independent (e.g. p53-dependent) cell cycle control mechanisms, preventing an anti-proliferative response to BMP4, which normally induces cell cycle arrest.
Introduction
The expanding transforming growth factor-ß (TGF-ß) superfamily includes three main members: the TGF-ßs, the activins, and the bone morphogenetic proteins (BMPs) [1] [2] [3] . Members of the TGF-ß superfamily bind to two different types of serine/threonine kinase receptors termed type I and II receptors [1, 2] and are known to play multiple roles during nervous system development including stimulation or inhibition of cell proliferation, triggering programmed cell death (PCD), and promoting neuronal survival [4] [5] [6] [7] [8] [9] [10] . BMPs are widely expressed in the embryonic nervous system including the developing retina [11] [12] [13] [14] .
BMP activity has been associated with developmental PCD in general [15, 16] and with apoptosis in the prospecti v e n e u r a l c r e s t i n p a r t i c u l a r [ 1 7 ] .
Trousse et al. demonstrated that BMP4 mediates apoptotic cell death in early chick retinal development [11] and recently we showed that BMP4 triggers ganglion cell death in the developing murine retina [18] . BMPs includi n g B M P 4 h a v e b e e n s h o w n t o i n d u c e apoptosis i.e. in human myeloma cells [19] [20] [21] . Overexpression of BMP4 has been reported for melanoma, hepatocellular carcinoma, adenocarcinoma and colorectal cancer cell lines and is frequently accompanied by an enhanced migratory and invasive potential of the tumors [22] [23] [24] [25] . Loss of TGF-ß receptors (TßRs) which normally induce growth inhibition and hypophosphorylation of the retinoblastoma gene product Rb represent one mechanism through which retinal progenitor cells escap e f r o m c o n t r o l a n d f o r m r e t i-
Materials and Methods

Collection of tissue and preparation of human retina
All investigations followed the tenets of the Declaration of Helsinki and were approved by the institutional human experimentation committee. Human retinas were obtained post-mortem from cornea donors. Consent for donation and research w a s g i v e n b y t h e f a m i l y a n d c o n f i d e n t i a l i t y w a s maintained. After removal of the cornea, the remainder of the eye was stored in a moist sterile container at 4°C until further use. Donor tissues were harvested within 12 -48 hrs. Donors ranged in age from 20 years o l d t o 8 5 , w i t h m o s t b e i n g o v e r 5 0 y e a r s o l d . A circumferential incision was made in the sclera of the globes approximately 6 mm behind the limbus. The posterior segment, including the vitreous, retina, choroid, and posterior sclera, was placed in a Petri dish. The vitreous was excised under a dissecting microscope. The retina was carefully separated from the retinal pigment epithelium and excised from the posterior segment and washed in 0.1 M phosphate buffer (pH 7.4). Freshly excised retinas were either immediately frozen in liquid nitrogen or fixed in 4% paraf o r m a l d e h y d e i n 0 . 1 M p h o s p h a t e b u f f e r ( p H 7 . 4 ) overnight at 4°C for immunocytochemistry.
Cell culture
We investigated 8 retinoblastoma cell lines: WERI-Rb1 [41] , Y-79 [42] , RBL-13, RBL-15, RBL-30, RB 247C3, RB 355 and RB 383 [43] . Cell lines were cultivated in Dulbecco`s modified Eagles medium ( D M E M ; S i g m a ) w i t h 1 0 % f e t a l c a lf serum (FCS; Cave), 100 U/ml penicillin (Invitrogen), 100 µg/ml streptomycin (Invitrogen), 4mM L-glutamine (Sigma), 50 µM ethandiol (Sigma) and 10 µg/ml insulin (Sigma) at 37°C, 10% CO 2 and 80% humidity.
Cells were treated with different concentrations o f r e c o m b i n a n t h u m a n B M P 4 ( R & D S y s t e m s , W i e sbaden, Germany) diluted from a 100ng/µl stock s o l v e d i n 0 . 1 % B S A i n 4 m M H C l f o r d i f f e r e n t t i m e spans as indicated in the figures and figure legends. If WERI-R b 1 c e l l s w e r e t r e a t e d w i t h B M P 4 f o r m o r e than 24 hrs, the medium -containing 10% FCS -was not changed. For detection of cell proliferation, 5 µM BrDU (Sigma) was added 6h before end of the culture. DNA and protein were as extracted from these cell l i n e s u s i n g t h e p r o t o c o l s d e s c r i b e d b e l o w . F o r i mmunocytochemistry, cells were seeded on Poly-D-lysine coated (Sigma) coverslips and fixed with ice cold acetone for 10 min or cold 4% paraformaldehyde for 1h.
Semiquantitative RT-PCR assay
Retinas and cells were homogenized in 1 ml Trizol (Invitrogen) by manual disruption with an autoclaved plastic pestle and passing the tissue or cells, respectively through a 25G needle with a 1ml insulin syringe several times. The RNA was extracted according to the manufacturer's instructions (Invitrog e n ) . E q u a l a m o u n t s o f R N A w e r e subjected to an RT-reaction using oligo(dt) 20 primers (Invitrogen), employing the SuperScript III reverse transcriptase system (Invitrogen) and following the manufacturer`s instructions. An additional DNase I (Invitrogen) digestion was performed in advance to avoid cross contamination with genomic DNA. 1.5 µl of the RT-r e a c t i o n p r o d u c t w e r e t a k e n f o r P C R w i t h BMPR-IA, BMPR-IB, BMPR-II and GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) specific primers already published [37] BMPR-IA_for: 5`-TAAGGTGACAGTACACAGGAACA-3`, BMPRIA_rev:
5`-TCTATGATGGCAAAGCAATGTCC-3` (amplicon: 298 bp; Tm. 55°C); BMPR-IB_for: Id1_for 5´-CGGATCTGAGGGAGAACAAG -3´; Id1_rev 5´-TGAGAAGCACCAAACGTGAC -3´  (amplicon: 211bp; Tm 59°C); Id2_for 5´-CGTGAGGTCCGTTAGGAAAA -3´; Id2_rev 5´-ATAGTGGGATGCGAGTCCAG -3´ (amplicon: 237 bp; Tm 60°C); Smad7_for 5´-AGCAGGCCAC ACTTCAAACT -3´; Smad7 _rev 5´-GTGTCCTGCCGATCATACCT -3´ (amplicon: 219 b p ; T m 5 9°C ) ; G A P D H for 5`-CATCACCATCTTG GAGC-3`; GAPDH rev 5`-ATGACCTTGCCCACAG CCTT-3` (amplicon: 384 bp Tm 20°C; Invitrogen). PCR products were amplified using an expand high fidelity Taq polymerase (Roche) and employing the following conditions: (i) 5 min at 94°C; (ii) 35 to 37 amplification cycles (for GAPDH: 27 cycles); 1 min at 94°C, 1 min at 55°C (or 58°C), 30 sec at 72°C; (ii) 5 min at 72°C. The PCR products were separated on a 2% agarose gel and stained with ethidium bromide.
Quantitative Real-time PCR
Quantitative real time PCR analyses were performed using a 7300 Real-Time PCR System (Applied Biosystems). The following Taqman Gene Expression Assays (Applied Biosystems) were used: Id1: ID Hs00357821_g1; Id2: ID Hs00747379_m1; Id3: ID Hs00171409_m1; p21 (CDKN1A): ID Hs99999142_m1; p27: ID Hs00153277_m1; p53: ID Hs00153340_m1; p130: ID Hs00180562_m1; p107: ID Hs00765707_m1; 
Western blot analysis
For Western blot analysis, retinas and cells were homogenized in modified Ripa buffer (0.5% sodium deoxycholate / 0.1% SDS in PBS) or IPN 150 buffer (50 mM TrisHcl / 150 mM NaCl / 5 mM MgCl 2 / 0.1% NP40 / 1mM DTT / 0.1M NaVan / 0.1 M PMSF / 1M N a F / c o m p l e t e p r o t e a s e i n h i b i t o r c o c k t a i l ) , r e s p e ctively. The extracts were fractionated in a 7.5 -12% SDS-PAGE and transferred to a nitrocellulose membrane by tank blotting with 25 mM Tris/HCl, pH 8.7, 192 mM glycine, 10% methanol as transfer buffer. Membranes were blocked in phosphate buffer saline ( P B S ; p H 7 . 4 ) w i t h 0 . 1 % T w e e n -20 (PBS-T) and 5% bovine serum albumin (BSA) at 4°C overnight or for 3 0 m i n a t r o o m t e m p e r a t u r e . F o r t h e d e t e c t i o n o f BMPRs the membranes were incubated with the rabbit polyclonal BMPR-IA (1:100), the goat polyclonal BMPR-IB (1:500) and the goat polyclonal BMPR-II (1:200) primary antibodies in 3% milk powder/PBS/0.05% Tween-20 (BMPR-I A a n d B ) o r 3 % BSA/PBS/0.05% Tween-20 (BMPR-II) for 2 hours at room temperature. For the detection of p21, Bax, P-Smad1/5/8, and Smad1 membranes were incubated with the primary antibodies (all 1:1000) in 5% milk powder/TBS/0.1% Tween-20 or TBS-T (Tris / NaCl / Tween-20) / 0.02% NaN 3 / 0.025% BSA at 4°C with gentle shaking overnight. After three washes w i t h T B S , t h e m e m b r a n e s w e r e i n c u b a t e d f o r 1 h a t room temperature with the respective secondary antibody (horseradish p e r o x i d a s e ( H R P ) -conjugated anti-rabbit and anti-goat IgG (DAKO, Germany) at a dilution of 1:1500 (anti-rabbit HRP) -1:10,000 (anti-g o a t H R P ) i n 2 % m i l k p o w d e r / P B S / 0 . 0 5 % Tween-20. Signals were developed by the SuperSignal West Pico Chemiluminescent Substrate (Pierce) and visualized in a chemiluminescence imager (Chemi Genius, Bio Imaging Systems, Syngene). Densitometric measurements were performed by quantifying the density of the bands vs the local background using Bio Imaging System software (Syngene). Depending on the origin of primary antibody (rabbit vs goat), blots were re-stained with a goat polyclonal anti-actin antibody (I-19; Santa Cruz, sc-1616, 1:500) or a mouse monoclonal antibody to GAPDH (6C5; Abcam, ab8245, 1:1000) to verify equal protein loading in all lanes.
Immunocytochemistry
Immunostaining was performed using the same antibodies used for immunoblots. After a 1h blocking step with 10 % normal goat serum (NGS; for BMPR-IA and B) or 10% bovine serum albumin in phosphate buffer saline (PBS; p H 7 . 4 ; f o r B M P R -II), ten-micrometer cryo-sections of human retinas or ret i n o b l a s t o m a c e l l s s e e d e d a n d f i x e d o n c o v e r s l i p s were incubated with the primary antibodies at a dilution of 1:200 (BMPR-I A a n d B ) o r 1 : 1 0 0 ( B M P R -II), respectively. For detection of ganglion cells the sect i o n s w e r e d o u b l e s t a i n e d w i t h t h e g a n g l i o n cell-specific, nuclear marker Brn3a (Chemicon; MAB1585; 1:100). Following 1h permeabilisation with 3 m g / m l B S A / 1 0 0 m M g l y c i n e / 0 . 2 5 % t r i t o n X -100, endogenous biotin was blocked using a biotin blocking kit (DAKO). After overnight incubation at 4°C w i t h t h e r e s p e c t i v e m a k e r s , t h e r e a c t i o n w a s v i s u al i z e d u s i n g t h e r e s p e c t i v e b i o t i n y l a t e d I g G s ( 1 : 2 0 0 ) and streptavidin-conjugated Cy3 or FITC secondary antibodies (MoBiTec) at a dilution of 1:800. Sections w e r e a n a l y z e d w i t h a N I K O N E c l i p s e E 6 0 0 m i c r oscope equipped with epifluorescence, a NIKON CCD camera and NIKON Eclipsenet software. As controls, in all cases PBS was substituted for the primary antisera in order to test for nonspecific labeling. No specific cellular staining was observed when the primary antiserum was omitted.
For BrdU immunocytochemistry, cells were permeabilised in 1% triton X-100 for 30 min. To denature the DNA, cells were incubated in 2N HCl at 37°C for 60 min. The HCl was neutralized with sodium borate and unspecific staining was blocked by 1h incubation in PBS / 0.3% triton X-100 / 4% BSA / 5% NGS. Cells were incubated with the BrDU antibody diluted 1:1000 in PBS / 0.1% triton / 4% BSA / 1% NGS at 4°C overnight and the reaction was visualized with an goat anti rat FITC (1:1000) antibody. For immunolocalisation of Smad 1, cells were permeabilised in 100% cold MeOH for 5 min on ice, washed 3 times in PBS, blocked in PBS / 0.3% triton X-100 / 4% BSA / 5% normal goat serum (NGS) for 1h at room temperature and incubated with the SMad1 antibody diluted 1:200 in PBS /0.1 triton X-100 / 4% BSA / 1% NGS at 4°C overnight.
Cell cycle analysis
For cell cycle analysis by FACS, cells suspended in Deitch buffer (10 mM Tris-hydrochloride (pH 7.5) / 5 mM MgCl 2 ) and stained with 100 µg/ml propidium iodide 44 were analyzed in a Coulter EPICS XL flow c y t o m e t e r u s i n g S Y S T E M I I V e r s i o n 3 . 0 s o f t w a r e (Beckman-Coulter, Krefeld, Germany). The percentage of cells present in the sub-G1 peak, representing apoptotic cells, was calculated after exclusion of cell doublets. The sum of cells in G2 and S phase was defined as the percentage of proliferating cells. Alternatively, proliferating cells and pyknotic nuclei were counted manually from BrdUand 4',6-Diamidino-2-phenylindole (DAPI)-stained cells on coverslips, respectively. For this purpose, in a survey, at least 10 different sections of one coverslip and at least 1000 cells were counted and the number o f a p o p t o t i c , c l e a r l y p y k n o t i c n u c l e i ( a t l e a s t 1 0 ) o r clearly BrDU-positive stained cells was determined.
Inhibition of endogenous caspase activity
In order to block endogenous caspase activity, Boc-D-fmk (Merck, Germany), a broad spectrum caspase inhibitor was used. WERI-Rb1 cells were seeded on Poly-D-lysine coated coverslips and pre-incubated in 38µM Boc-D-fmk for 30 min. Afterwards cells were incubated for 24h in DMEM supplemented with 40nM recombinant human BMP4 or BMP4 together with the caspase inhibitor. The number of pyknotic nuclei was assed by DAPI cell counts.
Results
Expression of BMPR subtypes in the human retina
RNA was isolated from pooled human retinas of 5 cornea donors and cDNA was amplified by the use of specific primers, testing for BMPR-IA, BMPR-IB, or BMPR-II transcripts (Fig. 1A) . Amplification products for all three BMPR subtypes were clearly visible after separation in an agarose gel. The cellular localization of BMPRs in the human retina was revealed in cryosections, stained with specific antibodies for the different receptor subtypes. Double labeling studies with the established ganglion cell marker Brn3 revealed that all BMPR subtypes are expressed on the surface of ganglion cells (Fig. 1C-G) . No specific labeling for BMPRIA, BMPRIB, or BMPRII was detected in the photoreceptor layer or the inner nuclear layer.
Immunocytochemical detection of BMPRs on retinoblastoma cells
Immunocytochemical labeling of WERI-Rb1 and Y-79 cells with specific antibodies for the three BMPR subtypes BMPR-IA (Fig. 1H,I ), BMPR-IB (Fig. 1J,K) and BMPR-II (Fig. 1L,M) revealed the expression of all BMPRs on the surface of these well characterized and frequently used retinoblastoma cell lines. 
Transcripts for BMPRs in retinoblastoma cell lines
RT-PCR analysis for BMPR transcripts in 8 retinoblastoma cell lines confirmed that all BMPR subtypes are expressed in these cells (Fig. 2) . Semi-quantification of the RT-PCR data showed that the levels of BMPR-IA ( Fig. 2A) , BMPR-IB (Fig. 2C ) and BMPR-II (Fig. 2E) transcripts are not significantly reduced in retinoblastoma cell lines compared to the healthy human retina controls, except for the level of BMPR-IB in RBL-13 cells. 
Expression of BMPRIA, BMPRIB, and BMPRII in retinoblastoma cells
Western Blot analysis of BMPR expression in retinoblastoma cell lines confirmed their presence on protein level, revealing equal expression of BMPR-IA (Fig. 2B), BMPR-I B ( F i g . 2 D ) , a n d B M P R I I ( F i g . 2 F ) protein in the healthy human retina control and all retinoblastoma cell lines (Fig. 2) .
Expression level of endogenous BMP4 in retinoblastoma cells
As overexpression of BMP4 has been reported for different cancer cell lines, changes in BMP4 levels might provide a mechanism through which retinoblastoma cells escape from apoptosis and cell cycle control, we investigated endogenous BMP4 expression by real-time PCR. Figure 3 summarizes the results of three independent PCRs, revealing that no endogenous BMP4 expression was detectable in 5 out of 8 retinoblastoma cell lines investigated. Only RB 355, RB 30, and RB 383 cells express endogenous BMP4 at detectable levels, which are, however, significantly lower compared to the normal human retina, used as a positive control. 
Effects of exogenous BMP4 application on apoptosis and cell proliferation of WERI-Rb1 cells
In dose-response experiments, WERI-Rb1 cells were treated with different concentrations of recombinant human BMP4 (Fig. 4) to test its effect on retinoblastoma cell apoptosis and proliferation. Apoptosis and cell proliferation levels were quantified by flow-cytometric analysis (Fig. 4A,C) and manual counts of DAPI and BrDU stained cells (Fig. 4B,D) . No pro-apoptotic effect could be detected for exogeno u s l y a p p l i e d B M P 4 a t c o n c e n t r a t i o n s l o w e r t h a n 40ng/ml (2, 5, 10, 20ng/ml). At a concentration of 40ng/ml, BMP4 treatment results in a significant increase in the number of pyknotic cells. Higher concentrations (80 and 100ng/ml) of recombinant BMP4 cou l d n o t f u r t h e r i n c r e a s e t h i s p r o -apoptotic effect (Fig. 4A) . Application of 40ng/ml recombinant human BMP4 resulted in a doubling in the number of DAPI-stained, apoptotic cells after 24hrs, 48hrs and 72hrs (Fig. 4B) . No effects of BMP4 administration upon WERI-Rb1 cell proliferation could be detected irrespective of the concentration (Fig. 4C ) and the culture time (Fig. 4D) .
Transmission of BMP signaling
BMP actions on cell proliferation and apoptosis are normally mediated by Smad proteins. As WERI-Rb1 cells lack functional pRb, which is normally activated by the Smad pathway, we checked for a correct transmission of BMP4 signals in these cells. BMP4 treatment induced a significant up-regulation of phosphorylated Smad1, Smad5 and Smad8 levels, as determined by Western blots with a specific antibody, detecting all three Smads ( Figure 5A ). Phosphorylation of Smad1/5/8 was already detected 30min after BMP4 administration. Besides, an evident translocation of Smad1 into the nucleus was observed upon 1h BMP4 treatment, as visualized by immunocytochemical staining ( Figure 5B-E) . Thus, BMP4 signals are still transmitted correctly to the nucleus in WERI-Rb-1 c e l l s .
T h e d o t t e d S m a d 1 s t a i n i n g i n t h e c o n t r o l g r o u p s ( F i g u r e 5 B , D ) a p p e a r s t o s h o w d i s-
crete localization in the cytoplasm. If there, however, was a correspondence to organelles of the cytoplasm, the staining pattern should disappear when Smad1 translocates to the nucleus, but Smad1 staining remains punctate in BMP4 treated cells ( Figure 5C,E) . HCl, the solvent for recombinant human BMP4, were taken as a control (ctr.) group. In dose-response experiments, retinoblastoma cells were treated with different concentrations of recombinant human BMP4. For FACS analysis cells were stained with propidium iodide and the percentage of cells present in the sub-G1 peak, representing apoptotic cells, was calculated. The sum of cells in G2 and S phase was defined as the percentage of proliferating cells. Administration of 40ng/ml recombinant BMP4 showed a significant pro-apoptotic effect in FACS analyses (A), inducing a doubling in the number of DAPI positive, pyknotic nuclei after 24, 48 and 72hrs (B), also clearly visible in images from DAPI stains of control (E) vs. BMP4 treated cells (F). White arrowheads (E,F) demarcate condensed nuclei of apoptic cells; small white arrows indicate apoptotic bodies in pyknotic cells. (C,D) . FACS and BrDU cell counts revealed no effects of BMP4 administration on cell proliferation, neither after 24hrs nor after 48 
Involvement of caspases and Bax in BMP4 mediated apoptosis
We studied the involvement of caspases, the major cell death executioners, in the execution of cell death in WERI-RB-1 cells. We determined that in WERI-RB-1 cells endogenous apoptosis is caspase independent since the number of pycnotic nuclei was n o t s i g n i f i c a n t l y r e d u c e d i n c e l l s t r e a t e d f o r 2 4 h r s with Boc-D-fmk, a broad spectrum caspase inhibitor (Fig. 6A) . BMP4 mediated cell death is at least partially caspase-dependent, as the number of pycnotic nuclei is marginally, but significantly lower after BMP4/BOC-D-fmk-inhibitor double treatment compared to BMP4 treatment alone (Fig. 6A) . The predom i n a n t p a r t o f B M P 4 m e d i a t e d a p o p t o s i s i n WERI-RB1 cells is, however, caspase independent and accordingly, levels of activated caspases appeared to be too low to be detected by Western Blot analyses, where we were not able to detect cleaved caspase-3, cleaved caspase-9, or cleaved caspase-8 although WERI-RB-1 cells express high levels of the respective pro-caspases (data not shown).
Pro-apoptotic Bcl-2 family members have been shown to be involved in the signaling of BMPs. Levels o f t h e p r o -apoptotic protein Bax remain, however, unchanged after BMP4 treatment (Fig. 6B) ,
Expression levels of Id1, Id2 and Smad7 in retinoblastoma cells
O n e r e a s o n f o r t h e m i s s i n g e f f e c t o f B M P 4 treatment on cell proliferation could be that Id proteins or the inhibitory Smad7 protein are constantly up-regulated in retinoblastoma cells. RT-PCR analysis f o r B M P R t r a n s c r i p t s r e v e a l e d , h o w e v e r , t h a t c o mpared to healthy human retina controls mRNA levels for Id1 (Fig. 7A), Id2 (Fig. 7B) and Smad7 (Fig. 7C) are not altered in all 8 retinoblastoma cell lines investigated.
Induction of Id proteins and influence of BMP4 administration upon p53, p21, p27, p107 and p130 expression levels It has been reported that Id proteins become concomitantly up-regulated upon BMP4 signaling in various cell lines, preventing the suppression of cell proliferation [34, 36] . In the present study, we likewise found mRNA expression levels of Id1, Id2 and Id3 to be significantly up-regulated 24hrs after administration of 40ng/ml recombinant BMP4 (Fig. 8A) .
O n t h e o t h e r h a n d , i t h a s b e e n o b s e r v e d t h a t pRb-deficient hepatocytes exhibit elevated levels of p53 and p21 CIP1 and BMPs have been reported to cause an up-regulation of the CDK inhibitors p21 and p27 in human cancer cell lines [37] . Endogenous levels of the cell cycle regulator p53 and p21 are likewise significantly elevated in WERI-Rb1 cells compared to normal human retinas (Fig. 8B) , but in the present study, we did not detect any increase in p53, p21, and p27 expression levels upon exogenous BMP4 treatment (Fig. 8C-E) . The pRb-related proteins p107 and p130, which are still expressed in RB1 deficient WERI-Rb-1 cells (data not shown), are likewise not induced upon administration of recombinant BMP4 (Fig.8F,G) . , and expression of p53 (C), p21 (D), p27 (E), p107 (F) and p130 (G) upon recombinant BMP4 administration to cell cultures 24hrs after administration of 40ng/ml rec o m b i n a n t B M P 4 . M e s s e n g e r R N A e x p r e s s i o n l e v e l s o f I d 1 , I d 2 a n d I d 3 a r e s i g n i f i c a n t l y u p -regulated in WERI-Rb-1 ( A) upon a BMP4 administration, whereas no changes in p53, p21, p27, p107 and p130 expression level were detectable (C-G). Endogeneous levels of p21 and p53 are, however, elevated in WERI-Rb1 cells (B). Data were gained from real-time PCR analyses of three independent experiments. Cells that were only treated with 0.1% BSA in 4mM HCl, the solvent for recombinant human BMP4, were taken as a control (ctr.) group for A and C-G, healthy human retina was used as a reference in B and the expression level was set as 1, respectively.
Discussion
The expression of BMPRs has been described for the chick and murine retina by our group and others [12, 14, 18, 45, 46] . We showed recently that BMPRs are localized on retinal ganglion cells of the developing murine retina [18] . The particular expression of BMPR on human retinal ganglion cells observed in the study presented here can probably be explained in terms of BMP activity being associated with PCD and its involvement in retinal patterning and formation of retinotectal projections. We and others demonstrated that BMP4 mediates apoptotic cell death in the developing chick and murine retina, where BMP4 triggers ganglion cell death [18, 45, 46] . PCD is a physiological phenomenon and represents the most common m e c h a n i s m t o r e g u l a t e t h e s i z e o f c e l l p o p u l a t i o n s during development as well as in adult life. As the retina develops from a single layer of undifferentiated neuroectoderm extraneous cells unable to make functional neural connections are eliminated by apoptosis. As ganglion cells are the neurons that finally transmit the signal to the brain, it is reasonable to assume that their number requires an especially tight regulation, which is obviously mediated by BMP4 signaling. This might explain why especially ganglion cells express the required receptors. Besides, BMPs have been shown to play a key role in dorso-ventral patterning of the retina and formation of retinotectal projections (for review see: [46] ). In this context, it has been reported that targeted deletion of BMPRIB in mice resulted in failure of ventral ganglion cells to enter the optic nerve (for review see: [46] ).
BMP7 expression had been examined in the adult human retina [46] , but until now, BMP receptor expression in the human eye was only systematically studied in the cornea, conjunctiva and the trabecular m e s h w o r k a n d o p t i c n e r v e h e a d i n t h e c o n t e x t o f glaucoma [47] [48] [49] [50] . Yamada et al. investigated BMPR expression in malignant glioma tumors [31] , but to our knowledge, the present study is the first investigating BMPR expression in retinoblastoma cell lines and comparing expression levels of healthy retinal neurons with those in pathologically altered retinoblastoma cells.
It has been shown that retinoblastoma cells (i.e. Y-79 and WERI-R b 1 ) a r e r e s i s t a n t t o T G F -ß activity due to the absence of TGF-ß binding [27] . Horie et al. demonstrated that Y-79 and WERI-Rb1 retinoblastoma cells do not express TßRII mRNA, whereas TßRI mRNA was detected [28] . Loss of TßRII represents one mechanism through which retinoblastoma cells escape from growth control [26] . It has been shown t h a t s o m e h u m a n m y e l o m a c e l l l i n e s l a c k B M P R I A and BMPRIB [19] . Thus, one might have speculated that retinoblastoma cells likewise lack BMPRs. In the present study we, however, demonstrated that all BMPR subtypes are expressed on all 8 retinoblastoma cell lines investigated, including Y-79 and WERI-Rb1. All retinoblastomas develop from the immature retina and have mutations of both RB alleles, but it is reasonable to assume that mutations in additional genes contribute to promotion and progression of this tumor. A mutational loss or reduced levels of BMPRs, found in other tumor cells, would provide an additional mechanism through which developing retinal cells escape from apoptosis control and form retinoblastomas. If the fact that retinoblastoma cells show no BMPR loss but exhibit full BMPR equipment and are thus receptive to BMP4 stimuli provides a mechanism b y w h i c h B M P s e x c e r t i n h i b i t o r y o r s t i m u l a t o r y e ff e c t s o n i n v a s i v e t u m o r g r o w t h n e e d s t o b e d e t e rmined. Along this line a positive correlation between the malignancy grade of glioma and BMPR expression has, however, been found as BMPRIB is progressively expressed in malignant glioma tumors compared with low-grade astrocytomas and gliosis [31] , suggesting that tumor cells may be more responsive to the action of BMPs.
It has been reported that BMP4 is overexpressed in melanoma cell lines [22] . BMP4 overexpression followed by enhanced invasiveness was likewise reported for hepatocellular carcinoma, adenocarcinoma and colorectal cancer [23-2 5 ] . B M P 2 e x p r e s s i o n , b y contrast, is not prominent in melanomas and was only detected in two out of nine cell lines analyzed [22] . Comparable to latter results, we could only detect BMP4 expression in three out of eight retinoblastoma cell lines in the present study. As we and others demonstrated that BMP4 induces apoptosis in normal retinal cells [11, 18] and inhibits cell proliferation in cancer cells [20, 21] , intrinsic down-r e g u l a t i o n o f e ndogenous BMP4 might provide an additional mechanisms by which retinoblastoma cells escape from apoptosis and cell cycle control.
It is not known if the impairment of pRb would alter the growth inhibitory potential of BMP4. Thus, we asked whether RB1-deficiency would affect responses to BMP4, which induces apoptosis and cell cycle arrest in other cell lines. It has been shown that BMP4 treatment of tumor cells increased apoptosis in OH-2, IH-1 myeloma cells and undifferentiated human cancer cells [20, 30] . Results from our cell culture experiments likewise demonstrate an increase in apoptosis of WERI-Rb-1 retinoblastoma cells after BMP4 treatment. While analysing retinoblastoma cell lines, counting DAPI-positive pyknotic nuclei thereby provides an objective, reliable, but much more sensitive method evaluating subtle yet statistically highly significant apoptotic effects.
Bcl-2 family members play a critical role in the activation of cell death executors [51, 52] . Members of the Bcl-2 family comprise pro-apoptotic (e.g. Bax, Bak) and anti-apoptotic (e.g. Bcl-2, Bcl-X L ) proteins. It has been reported that BMP4 induces the expression of Bax in myeloma and hybridoma cells, whereas BMP2 has no effects on the expression of Bax [53, 54] . Lagna et al. reported, however, that BMP4 mediates apoptosis of pulmonary artery smooth muscle cells by the activation of caspases, whereby Bax levels remained unchanged [55] . Results of our experiments showed that BMP4-mediated apoptosis in WERI-Rb-1 cells is mainly caspase independent and accordingly, Bax expression levels remained unchanged.
BMP4 inhibits proliferation in many cancer cell lines, e.g. in multiple myeloma cells a n d t umor-initiating precursors of glioblastoma cells [20] . In our experimental set up, cell proliferation was, however, not affected by BMP4 treatment irrespective of t h e c u l t u r e t i m e a n d c o n c e n t r a t i o n a n d o n e m i g h t think of different reasons for this result.
On the one hand, retinoblastoma cell lines lack the RB1 gene, but we demonstrated that the pRb-related proteins p107 and p130, contributing to the regulation of the same genes [56] are still expressed, at least in WERI-Rb1 cells. Besides, Rivadineira et al. reported that factors other than pRb can mediate E2F-dependent down-stream effects to regulate cell cycle control [57] . Sheahan et al. observed elevated levels of p21 CIP1 and p53 in pRb-deficient hepatocytes and identified a pRb-independent-p53-dependent effector pathway of E2F inhibition in these cells [58] . In the present study, WERI-Rb1 cells likewise exhibited elevated endogenous levels of p21 CIP1 and p53. In human cancer and non-cancer cell lines, BMPs -including BMP4 -have been reported to cause an up-regulation of p21 CIP1 and p27 KIP1 , leading to cell cycle arrest [33, 34, [59] [60] [61] [62] [63] . This induction is mediated via the smad signalling pathway, which, according to our results, is still intact in WERI-Rb1 cells. We, however, could not detect changes in p21 CIP1 , p27 KIP1 or p53 expression levels in RB1 deficient WERI-Rb1 cells upon exogenous BMP4 administration, presumably due to the significantly elevated endogenous levels in these cells and/or concomitant Id induction (see below). We likewise did not detect any BMP4-dependent regulation of p107 or p130 levels. Thus, in WERI-Rb1 cells pRb loss i s o b v i o u s l y n o t c o m p e n s a t e d f o r a n d p r e v e n t s a n anti-proliferative response to BMP4, which normally induces cell cycle arrest.
One might also have speculated that inhibitory Smad7 protein levels are constantly up-regulated in retinoblastoma cells as it has been shown for various cancers. Smad7 is overexpressed in 50% of human pancreatic cancers and it has been shown that these c a n c e r c e l l s a r e r e s i s t a n t t o T G F -ß with respect to growth inhibition induction [35] . We, however, could not detect any changes in smad7 expression levels when comparing retinoblastoma cells to healthy human retina controls.
On the other hand, it has been reported that Id proteins, known to play a critical role in cancer [ 6 4 , 6 7 ] , d e f i n e t h e p o t e n c y o f c e l l p r o l i f e r a t i o n r e sp o n s e s t o B M P [ 6 8 ] . Elevated levels of Id proteins have been found in tumor cell lines including neuroblastoma cells [64, 69, 70] . In the present study, we did not detect elevated endogenous Id levels in any of the retinoblastoma cell lines investigated. Id proteins become concomitantly up-regulated upon BMP4 signaling, e.g. in endothelial, epithelial and breast cancer cells [34, 36, 71] , inhibiting the expression of the CDK inhibitor p21 [72] . BMP7 has been shown to highly i n d u c e p 2 1 e x p r e s s i o n , b u t d e s p i t e t h i s , B M P 7 o n l y weakly suppresses epithelial cell proliferation as Id2 becomes concomitantly induced by BMP7 [37] . In the present study, we likewise found transcript levels of all three Id isoforms to be significantly up-regulated upon BMP4 administration in HER and WERI-Rb1 c e l l s . T h u s , t h e f a c t t h a t i n o u r e x p e r i m e n t s B M P 4 administration had no effect on cell proliferation in the retinoblastoma cell line WERI-Rb1 can be interpreted in terms of a compensatory balance between high endogenous levels of the CDK inhibitor proteins p 5 3 a n d p 2 1 , n o r m a l l y c a u s i n g B M P 4 -induced cell cycle arrest and a strong induction of pro-proliferative Id proteins.
